Laser shock processing (LSP) is being increasingly applied as an effective technology for the improvement of metallic materials mechanical and surface properties in different types of components as a means of enhancement of their corrosion and fatigue life behavior. As reported in previous contributions by the authors, a main effect resulting from the application of the LSP technique consists on the generation of relatively deep compression residual stresses field into metallic alloy pieces allowing an improved mechanical behaviour, explicitly the life improvement of the treated specimens against wear, crack growth and stress corrosion cracking. Additional results accomplished by the authors in the line of practical development of the LSP technique at an experimental level (aiming its integral assessment from an interrelated theoretical and experimental point of view) are presented in this paper. Concretely, follow-on experimental results on the residual stress profiles and associated surface properties modification successfully reached in typical materials (especially Al and Ti alloys characteristic of high reliability components in the aerospace, nuclear and biomedical sectors) under different LSP irradiation conditions are presented along with a practical correlated analysis on the protective character of the residual stress profiles obtained under different irradiation strategies. Additional remarks on the improved character of the LSP technique over the traditional "shot peening" technique in what concerns depth of induced compressive residual stresses fields are also made through the paper.
INTRODUCTION
Laser shock processing (LSP) is being increasingly applied as an effective technology for the improvement of metallic materials surface properties in different types of components as a means of enhancement of their corrosion and fatigue life behavior. Specially wear resistance, stress corrosion cracking susceptibility and crack propagation rate seem to be material properties specially improved by LSP treatments [1] [2] [3] [4] .
Although the technique was initially developed for the improvement of the fatigue cracking resistance of materials used in the aeronautic applications, materials such as Aluminum and Titanium alloys and different types of stainless steel are being extensively investigated in the frame of different areas of application, especially the aerospatial sector itself but also the nuclear, automotive and biomedical sectors on the basis of the commercial availability of new powerful laser sources able to provide intensities exceeding the GW/cm 2 level [5] [6] [7] [8] [9] .
In this paper, experimental results on the residual stress profiles created in Al and Ti alloys under different irradiation conditions are presented along with a practical correlated analysis on the protective character of the residual stress profiles obtained under different irradiation strategies and. the evaluation of the corresponding induced properties as specific volume reduction at the surface, microhardness and wear resistance.
EXPERIMENTAL SETUP
The practical development of LSP processes has been successfully implemented at the authors Centre. The practical irradiation system used for the experiments reported in this paper is schematically and photographically shown in Figure   Invited Paper 1. Using purified water as confining medium, the test piece is fixed on a holder and is driven along X and Y directions by means of a computer controlled stage needed for the irradiation of extended areas of material following a pre-defined pulse overlapping strategy.
The laser light is then conducted to the interaction area by means of a reflecting mirror and a focusing lens. The control of the purity of the confining medium is important in order to avoid the formation of water bubbles or increasing concentration of impurities resulting from material ablation following the laser irradiation.
In this paper, LSP experiments performed on Al2024-T351 and Ti6Al4V alloys at 1064 nm laser wavelength using a Qswitched Nd:YAG laser operating at 10 Hz and providing 9.4 ns FWHM, 2.0 J pulses will be reported. A convergent lens was used to deliver the laser energy over a 1.5 mm spot diameter. The confining layer was provided by a water jet incident close to the laser interaction zone. No protective coatings were used in the experiments. The irradiation geometry used for the investigations is displayed in Figure 2 together with a photograph of the resulting aspect of the work piece after the application of the LSP treatment and subsequent residual stresses field determination by the hole drilling method (ASTM E837 Norm). Besides laser pulse energy and interaction diameter, the main varying experimental parameter is the so-called "overlapping pitch", d, a direct measure of the distance between both adjacent laser shots and parallel processing tracks which, in the defined geometry, implies a given pulse density according to the relation [10] :
(1) In all the cases reported in the paper, specimens of 8 mm thickness have been treated and tested. Values of EOD (Equivalent Overlapping Density) of 900, 1600 and 2500 cm-2 for Al2024-T351 and of 900, 2500, 5000 and 7225 cm-2 for Ti6Al4V and resulting values of ELOF (Equivalent overlapping factor) of 16, 28 and 44 for Al2024-T351 and of 16, 44, 88 and 128 for Ti6Al4V were considered in the frame of the present study.
According to the numerical simulations performed by the authors (see references [11] [12] [13] , different design profiles for the residual stresses fields induced in the treated specimens can be attained. In figure 3 , for example, the residual stresses and (enlarged) deformation distribution resulting from the application of 25 adjacent reference pressure pulses to an extended block of Ti6Al4V alloy is shown. 
EXPERIMENTAL RESULTS
Under the referred experimental conditions, the effects induced by the LSP treatment on the mechanical properties of the two referred materials have been characterized. In particular, an analysis of induced residual stress fields together with its range of variability has been performed as a basis for the estimation of the practical protection degree against tensile load provided by the treatment and, additionally, a comparison of the LSP treatment (two different treatment intensities) applied to Ti6Al4V with respect to the results obtained in the same material by the "shot peening" technique is presented.
Residual stress distributions were determined according to the ASTM E837-01 Standard Test Method for Determining Residual Stresses by the Hole Drilling Strain Gage Method [14] . Strain gage rosettes CEA-13-062UM-120 along with a Vishay Measurements® RS-200 milling guide were used. On its side, the wear resistance tests were performed according to the ASTM G99- Density of pulses (pulses /cm') 6000 Figure 4 shows the depth profiles obtained in the two considered materials for LSP-induced Mohr maximum (i.e. minimum in absolute value) and minimum (i.e. maximum in absolute value) residual stresses for respective representative values of EOD parameter in each case. In both cases, the effective induction of compressive residual stress fields by means of the LSP treatment is observed, so that, in practice, an effective protective field against crack aperture and propagation in depths up to near a millimetre can be assured. This effect, that can be observed with different values of the EOD parameter, is tentatively shown in figure 5 , where the Mohr maxima and minima values of compressive residual stresses as a function of this parameter for both considered materials is shown. Complementarily, in figure 6 , consequent theoretical regions of effective protection against different tensile load stresses are shown for both materials (in the figure corresponding to Ti6Al4V the results for Al2024-T351 are also included for comparison purposes. From the observation of these figures, it can be deduced that, while a more or less monotonic tendency is observed in the variation with EOD of both limiting values of residual stresses in the case of Ti6Al4V (of course a direct consequence of the observed larger penetration of the protective effect observable in figure 5 , in the case of Al2024-T351, an optimum value of EOD seem to exist for the attainment of a maximum absolute value in both limiting values of residual stresses, with the interesting effect of the possibility of protection of larger material depths with a minimum threshold value (see again figure 18 for this case). On the other hand, in the case of Ti6Al4V, a clear positive tendency with increasing values of the EOD parameter of the maximum protected depth is observed (at least in the explored range of EODs), a fact of a great technological significance as it directly implies the possibility of selection of the intensity of the treatments as a function of the required protected working depth. In view of the relevance of all these tendencies with respect to the design of optimized protective treatments against typical ranges of tensile applied stresses, a deeper study on the possible influence of the whole set of treatment parameters needs to be accomplished. For the comparison of the LSP technique with respect to the traditional "shot peening" technique of pre-stressing of material surfaces for the avoidance of crack initiation and propagation, in figure 7 , a comparative depth profile of the residual stresses obtained experimentally through two different EOD's applied to Ti6Al4V and by a typical "shot peening" treatment applied to this material.
In this figure it can be clearly observed that, although the "shot peening" treatment is able to provide rather high values of compressive residual stresses at the material surface level, the extension in depth of the compressive residual stresses field provided by the LSP treatment once the EOD is high enough is much more convenient in order not only to prevent mechanical crack initiation at the surface level but, much more important, to prevent its eventual propagation inside the material by virtue of the mentioned deep compressive field. This effect, which is much more evident for materials with high YS is considered to be a positively beneficial differential property of LSP against "shot peening" that, in addition to other aspects related to practical implementation and environmental preservation, presents LSP as a definitely sustainable technique for the improvement of mechanical properties of high reliability components.
Finally, concerning the improvement on fatigue life resulting from the modification of residual stress fields induced by the LSP technique, in reference [16] published by the authors the effect is clearly shown in Al6061 aluminum alloy plates. 6.3 mm thick plates were machined to obtain specimens normalized according to ASTM E647-00 standard test method for measurement of Fatigue Crack Growth rates [17] . Figure 8a shows a schematic of the used specimen together with the LSP treatment geometry.
Fatigue crack growth tests were performed on a MTS 810 servo-hydraulic system at room temperature in air. Load ratio R=P min /P max was maintained at R=0.1. Frequency of 20 Hz with a sine wave form was used in the experiments. Two specimen groups with 900, 1350 and 2500 pulses/cm 2 pulse densities were formed. One specimen on each group was tested to maximum load of 3000 N and another to 5000 N. Crack lengths were measured at a magnification of x10 using a CCD camera. A fatigue pre-crack 5 mm long (from notch tip) was growth on each specimen before LSP treatment. Stress intensity factors, K, corresponding to each load were determined according to the referred standard test method. As a first result, the decrease of the fatigue crack growth rate da/dN for specimens treated by the LSP technique with respect to those not treated at constant stress intensity factor is observed. Additionally, the fatigue crack growth rate, da/dN, is observed to decrease, at constant stress intensity factor, with the effective density of laser pulses applied by the LSP treatment.
Concretely, a exponential fitting according to the Paris rule [18] , m C.K dN da = , provides, for the different pulse densities, the results collected in table I. According to these results, LSP is confirmed from a practical point of view, and as expected, as an effective method for the improvement of fatigue life resistance of metallic materials. 
DISCUSSION
In the previous paragraphs the main physical features of the LSP technology has been presented regarding especially the final effects achieved in them.
According to the obtained results, the main characteristic feature of the LSP treatment is its ability to induce inelastic (i.e. leading to permanent deformation and residual stresses) shock waves into key metallic alloys, finally leading to deep compressive residual stresses fields penetrating much beyond into the material workpiece (close or even larger than 1 mm) than comparable shot peening treatments and with a minor thermal affectation of the material surface. The effect of LSP on the material is mainly achieved through the mechanical effect produced by the shock wave and is not a thermal effect from heating of the surface by the laser beam. The strength of the shock wave induced by LSP has so extremely high strength that it can reach several tens of GPa, while its impulse width is only tens of nanosecond, leading to sufficiently high strain rate (10 6 -10 7 s −1
) near the surface of the solid materials, what makes the solid materials exhibit some special mechanical, physical or chemical properties. The observation of these results clearly leads to the consideration of the LSP technique as really effective and controllable within wide limits for the induction of engineered residual stresses fields in critical components, a fact that has been widely demonstrated by the authors (see, i.e. references [10, 16, [19] [20] .
From the point of view of process design, the practical implementation of LSP processes involves the consideration of multiple features, the most critical of which is considered to be the uniformity of the residual stresses fields after the treatment.
Considering the different factors influencing the final quality and performance of the treatment, two parameters additional to the studied EOD have been defined, namely EED and ELOF, in the way provided by equations (2) and (3).
According to the high values used for the ELOF parameter, this condition is widely fulfilled in all the treatment reported in this paper, although a degree of liberty is thought to clearly exists in selecting the related EOD parameter for equivalently homogeneous treatments. However, the selection of lower EOD's leads, as clearly shown in the reported figures, to either less intense or shallower residual stresses fields into the piece (the second important feature to be born in mind for the design of LSP treatments), what finally means a poorer degree of protection for the corresponding component. As suggested by the definition of the EED parameter, a proper combination of the ELOF and EOD parameters can be achieved through the modulation of the applied pulse energy, E, an issue presently under study.
From a general practical point of view, Laser Shock Processing is emerging as an alternative technology to conventional shot peening processes for improving fatigue, corrosion and wear resistance of materials. LSP is well suited for precisely controlled treatment of localized fatigue critical areas, such as holes, notches, fillets, welds, etc. and the beneficial effects of LSP on surface roughness, distortion, residual stress and, some times, hardness of materials are obtained as a consequence of the preferential induction of mechanical rather than thermal origin crystal dislocations into the treated materials.
Provided that the large variety of mechanical and structural components suitable for surface properties and resistance enhancement by means of LSP in different strategic sectors (aeronautic, automotive, nuclear, heavy chemical equipment, etc.), the technique is being widely recognized as true breakthrough in the field of thermo-mechanical surface treatments, so that the research efforts conducted in an important number of laboratories and R&D departments of leading companies are rapidly increasing. Additionally, concerning the practical significance of the LSP technique, it is considered that the life cycle improvement achievable by the application of the treatment to specific high reliability components in these sectors, has an evident positive incidence on their long-term ecological balance, so that the technique has to be considered as a highly sustainability-supporting one.
